To evaluate relationships among contrast sensitivity function, ocular higher-order aberration, and myopic correction in eyes undergoing overnight orthokeratology for myopia. METHODS. A prospective study was conducted in 46 eyes of 23 patients undergoing orthokeratology. Inclusion criteria were spherical equivalent refraction between -1.00 and -4.00 diopters (D), refractive astigmatism up to 1.00 D, and best-corrected visual acuity of 20/20 or better. Ocular higher-order aberrations and contrast sensitivity function were determined before and 3 months after initiation of the procedure. We measured three indices of contrast sensitivity function: contrast sensitivity, low-contrast visual acuity, and letter contrast sensitivity with the CSV-1000 charts (Vector Vision Co., Greenville, OH). Area under the log contrast sensitivity function (AULCSF) was calculated from the contrast sensitivity data. RESULTS. Orthokeratology significantly improved logMAR uncorrected visual acuity (P Ͻ 0.0001; paired t-test) but significantly increased ocular higher-order aberrations (P Ͻ 0.0001) and decreased contrast sensitivity function, including AULCSF (P Ͻ 0.0001), low-contrast visual acuity (P ϭ 0.0025), and letter contrast sensitivity (P Ͻ 0.0001; Wilcoxon signed-rank test). The induced changes in AULCSF, low-contrast visual acuity, and letter contrast sensitivity by orthokeratology showed significant correlation with changes in third-order (Pearson r ϭ -0.430, P ϭ 0.0026; r ϭ 0.423, P ϭ 0.0031; and Spearman r s ϭ -0.351, P ϭ 0.0186, respectively), fourth-order (r ϭ -0.418, P ϭ 0.0035; r ϭ 0.425, P ϭ 0.0029; and r s ϭ -0.566, P ϭ 0.0001, respectively), and total higher-order (r ϭ -0.460, P ϭ 0.0011; r ϭ 0.471, P ϭ 0.0008; and r s ϭ -0.434, P ϭ 0.0036, respectively) aberrations. The induced changes in contrast sensitivity function and higher-order aberrations significantly correlated with the amount of myopic correction (P Ͻ 0.01). CONCLUSIONS. Orthokeratology significantly increases ocular higher-order aberrations and compromises contrast sensitivity function, depending on the amount of myopic correction. (Invest Ophthalmol Vis Sci. 2007;48:550 -556) DOI:10.1167/ iovs.06-0914 O rthokeratology, also known as corneal refractive therapy or corneal reshaping, is a method of temporarily changing refraction in myopic patients by the programmed application of specially designed rigid contact lenses. It was introduced in the early 1960s.
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PURPOSE.
To evaluate relationships among contrast sensitivity function, ocular higher-order aberration, and myopic correction in eyes undergoing overnight orthokeratology for myopia. METHODS. A prospective study was conducted in 46 eyes of 23 patients undergoing orthokeratology. Inclusion criteria were spherical equivalent refraction between -1.00 and -4.00 diopters (D), refractive astigmatism up to 1.00 D, and best-corrected visual acuity of 20/20 or better. Ocular higher-order aberrations and contrast sensitivity function were determined before and 3 months after initiation of the procedure. We measured three indices of contrast sensitivity function: contrast sensitivity, low-contrast visual acuity, and letter contrast sensitivity with the CSV-1000 charts (Vector Vision Co., Greenville, OH). Area under the log contrast sensitivity function (AULCSF) was calculated from the contrast sensitivity data. RESULTS. Orthokeratology significantly improved logMAR uncorrected visual acuity (P Ͻ 0.0001; paired t-test) but significantly increased ocular higher-order aberrations (P Ͻ 0.0001) and decreased contrast sensitivity function, including AULCSF (P Ͻ 0.0001), low-contrast visual acuity (P ϭ 0.0025), and letter contrast sensitivity (P Ͻ 0.0001; Wilcoxon signed-rank test). The induced changes in AULCSF, low-contrast visual acuity, and letter contrast sensitivity by orthokeratology showed significant correlation with changes in third-order (Pearson r ϭ -0.430, P ϭ 0.0026; r ϭ 0.423, P ϭ 0.0031; and Spearman r s ϭ -0.351, P ϭ 0.0186, respectively), fourth-order (r ϭ -0.418, P ϭ 0.0035; r ϭ 0.425, P ϭ 0.0029; and r s ϭ -0.566, P ϭ 0.0001, respectively), and total higher-order (r ϭ -0.460, P ϭ 0.0011; r ϭ 0.471, P ϭ 0.0008; and r s ϭ -0.434, P ϭ 0.0036, respectively) aberrations. The induced changes in contrast sensitivity function and higher-order aberrations significantly correlated with the amount of myopic correction (P Ͻ 0.01). CONCLUSIONS. Orthokeratology significantly increases ocular higher-order aberrations and compromises contrast sensitivity function, depending on the amount of myopic correction. O rthokeratology, also known as corneal refractive therapy or corneal reshaping, is a method of temporarily changing refraction in myopic patients by the programmed application of specially designed rigid contact lenses. It was introduced in the early 1960s. 1 The central cornea is flattened and thinned, resulting in a reduction in myopia and an improvement in unaided vision. [2] [3] [4] [5] In the 1980s, application of the orthokeratology lens during sleep became possible with the development of higher gas-permeable lens materials. This wearing modality, called overnight orthokeratology, allowed satisfactory daytime vision without contact lenses or eyeglasses. In addition, the advent of sophisticated lens designs (reverse geometry design) caused much faster, more accurate, and greater achievement of corneal and refractive changes. 4,6 -8 Overnight orthokeratology has come into greater use as a treatment modality to correct refractive errors, and its efficacy has been confirmed in terms of high-contrast visual acuity. 4, [7] [8] [9] In recent years, with the development of a wavefront sensing technique that can quantify optical aberration, increasing attention has been paid to changes in the optical quality of the eye after refractive procedures. Several studies have reported increases in ocular higher-order aberrations after photorefractive keratectomy (PRK) 10, 11 and laser in situ keratomileusis (LASIK). [12] [13] [14] Increases in higher-order aberrations are among the main causes of reduced visual performance after PRK and LASIK. 10, 11, [15] [16] [17] [18] These procedures are designed to correct defocus by surgical modification of the corneal curvature and to produce a nonphysiological oblate cornea with a flat central area and increasing power toward the periphery. Similarly, an oblate cornea is created by orthokeratology, 7 and previous studies have demonstrated that orthokeratology increases corneal and ocular higher-order aberrations. 19 -21 A paucity of information exists about contrast sensitivity function after orthokeratology. 21 Moreover, the impact of higher-order aberrations induced by orthokeratology on contrast sensitivity function has not been reported. We conducted the current prospective study to analyze the relationship between changes in contrast sensitivity function and changes in ocular higherorder aberrations in eyes undergoing overnight orthokeratology.
SUBJECTS AND METHODS
Subjects
Forty-six eyes of 23 subjects (12 men, 11 women) were included in this prospective study. Subjects were selected based on the following inclusion criteria; age between 20 and 35 years, spherical equivalent refraction between -1.00 and -4.00 diopters (D), refractive astigmatism up to 1.00 D, mean keratometry readings between 40.00 and 46.25 D, best-corrected visual acuity of 20/20 or better, and no ocular or systemic disease. Subjects' ages ranged from 21 to 33 years (24.2 Ϯ 3.3 years [mean Ϯ SD]). Baseline uncorrected visual acuity (logMAR) ranged from 0.22 to 1.52 (0.77 Ϯ 0.31). Myopic refractive error ranged from -1.00 to -4.00 D (-2.38 Ϯ 0.98 D). Subjects did not have previous experience with orthokeratology and did not wear contact lenses for at least 3 weeks before enrolling in the study. The research adhered to the tenets of the Declaration of Helsinki, the research protocol was approved by the institutional review board, and informed consent was obtained from each subject before participation and after the nature and possible consequences of the study had been fully explained.
Lenses
A four-zone reverse geometry lens (Boston XO; Polymer Technology Corp., Wilmington, MA) composed of fluorosilicone acrylate with an oxygen permeability (Dk) of 100 ϫ 10 -11 (cm 2 /sec)(mL O 2 /mL ⅐ mm Hg) was used for all subjects. The lens has a base curve (central optical zone) diameter of 6.0 mm, a reverse curve of 0.6-mm width, an alignment curve of 1.0-mm width, and a peripheral curve of 0.4-mm width. Lenses were fitted according to the instructions recommended by the manufacturer. In brief, for the first lens selection, alignment curve was decided based on the flatter keratometry reading, and base curve was determined as target power plus 0.75 D. For a fit to be deemed acceptable, the contact lens had to be well centered vertically and horizontally on the cornea and to move approximately 1 mm on a blink. The overall fluorescein pattern resembled a bull's eye, with 3 to 5 mm of central touch surrounded by a narrow and deep annulus of tears trapped in the reverse curve area. Lenses that decentered superiorly were considered loose, and those that decentered inferiorly were considered too tight. Lateral decentration was resolved by increasing the lens diameter to 10.6 mm. After confirmation of fine centration, proper movement, and appropriate fluorescein pattern, each patient underwent a 2-hour trial. Subsequently, corneal topography was performed to evaluate the efficacy of correction. If a central flat area appeared and the center was within 0.5 mm of the pupil center on the map, it was considered that an acceptable fit was achieved. Overrefraction was then performed, and the final lens was ordered. After lenses were dispensed, subjects consistently wore their contact lenses overnight. The lens design was modified in the event of poor topographic changes or inadequate improvement of uncorrected visual acuity. Total diameter of these lenses was 10.0 mm in most cases and 10.6 mm in several cases. Subjects were asked to wear their contact lenses at least 7 hours per night. To verify continuing ocular health and to observe any effects of lens wear, slit lamp biomicroscopy, including fluorescein staining, was performed in detail at each visit.
Measurements
At the time of enrollment, all patients underwent comprehensive ocular examination that included manifest refraction, uncorrected and corrected visual acuity, refraction, keratometry, slit lamp evaluation, dilated fundus evaluation, corneal topography, wavefront aberration measurements, and contrast sensitivity testing. Similar examinations, excluding dilated fundus evaluation, were repeated at each visit after the start of treatment. To minimize the influence of diurnal variation, all measurements were conducted between 9 AM and 11 AM, and subjects were instructed to attend the examinations from 2 to 4 hours after lens removal.
We measured three indices of contrast sensitivity function: contrast sensitivity (with the CSV-1000E chart), low-contrast visual acuity (with the CSV-1000LanC10% chart), and letter contrast sensitivity (with the CSV-1000LV chart; all from Vector Vision Co., Greenville, OH). These tests were performed monocularly in eyes with undilated pupils at the testing distance of 2.5 m under best spectacle correction. Background illumination of the translucent chart was provided by a fluorescent luminance source of the instrument and was automatically calibrated to 85 cd/m 2 . The CSV-1000E chart presents vertical sine wave gratings at four spatial frequencies-3, 6, 12, and 18 cyc/deg-and each spatial frequency has eight different levels of contrast. Each row consists of eight pairs of circular patches, including sine waves of a single spatial frequency. In each pair, one patch presents a grating, and the other patch is blank. The patient was asked to identify which patch had a grating, and the contrast level of the last correct response was defined as the contrast threshold in logarithmic values for each frequency. 22 From these data, the area under the log contrast sensitivity function (AULCSF) was calculated according to the method of Applegate et al. 23 In brief, the AULCSF was determined as the integration of the fitted third-order polynomials of the log contrast sensitivity units between the fixed limits of 0.48 (corresponding to 3 cyc/deg) and 1.26 (18 cyc/deg) on the log spatial frequency scale. This can represent contrast sensitivity data as one number and make statistical analysis easier.
The CSV-1000LanC10% chart uses the Landolt ring as the optotype under 10% low contrast. This presents five letters per line, and each one-line step represents a change of 0.1 logMAR units. Low-contrast visual acuity was scored by giving a credit of 0.02 logMAR units for each letter correctly identified.
The CSV-1000LV chart uses letter optotypes, each of which is the same size and is of low spatial frequency (2.4 cyc/deg). There are eight contrast levels (standard, 35.5%, 17.8%, 8.9%, 6.3%, 4.5%, 2.2%, and 1.1%), and each contrast level has three letters. Test results were recorded not as the contrast sensitivity or contrast threshold but as the number of correctly identified letters. 17, 24 Ocular wavefront aberrations for a 4-mm pupil were measured with a wavefront analyzer (Hartmann-Shack; KR-9000 PW; Topcon Co., Tokyo, Japan) whose details have been described. 16, 25 Data were expanded with the normalized Zernike polynomials. Magnitudes of the coefficients of the Zernike polynomials were represented as the root mean square (RMS; in micrometers) and were used to show the wavefront aberrations. The RMS of the third-order Zernike coefficients was used to denote coma-like aberrations, and the RMS of the fourthorder coefficients was used to represent spherical aberrations. Total higher-order aberrations were calculated as the RMS of the third-and fourth-order coefficients. Measurements were repeated at least four times for each eye, and the three best-focused images were selected and averaged. The averaged values were used for subsequent analyses.
Statistical Analysis
Data obtained 3 months after the start of orthokeratology were compared with the baseline measurements using the paired t test and the Wilcoxon signed-rank test. Relationships among changes in ocular higher-order aberrations, changes in contrast sensitivity function, and amount of myopic correction were evaluated by Pearson and Spearman correlation tests. The amount of myopic correction was defined as the reduction in manifest refractive spherical equivalent at the 3-month visit. All analyses were two tailed, and P Ͻ 0.05 was considered statistically significant.
RESULTS
Subject data are summarized in Table 1 Treatment resulted in significant decreases in contrast sensitivity at all spatial frequencies from 3 to 18 cyc/deg (P ϭ 0.0004 for 3, P Ͻ 0.0001 for 6, P ϭ 0.0003 for 12, and P ϭ 0.0175 for 18 cyc/deg; Fig. 1 ), and AULCSF calculated from the data of this chart was significantly reduced from 1.451 Ϯ 0.120 to 1.291 Ϯ 0.177 (P Ͻ 0.0001). The 10% low-contrast visual acuity significantly worsened from 0.02 Ϯ 0.09 to 0.11 Ϯ 0.14 logMAR (P ϭ 0.0025). Letter contrast sensitivity significantly decreased from 24 Ϯ 0 to 22.8 Ϯ 1.9 (P Ͻ 0.0001; Wilcoxon signed-rank test).
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The induced changes in contrast sensitivity function were analyzed in relation to the changes in ocular higher-order aberrations. Changes in AULCSF showed significant negative correlation with the changes in third-order (Pearson correlation coefficient; r ϭ -0.430, P ϭ 0.0026; Fig. 2A ), fourth-order (r ϭ -0.418, P ϭ 0.0035; Fig. 2B ), and total higher-order (r ϭ -0.460, P ϭ 0.0011; Fig. 2C ) RMS. Changes in low-contrast visual acuity showed significant positive correlation with the changes in third-order (r ϭ 0.423, P ϭ 0.0031; Fig. 3A) , fourth-order (r ϭ 0.425, P ϭ 0.0029; Fig. 3B ), and total higherorder (r ϭ 0.471, P ϭ 0.0008; Fig. 3C ) RMS. Changes in letter contrast sensitivity demonstrated significant negative correlation with changes in third-order (Spearman rank correlation coefficient; r ϭ -0.351, P ϭ 0.0186; Fig. 4A ), fourth-order (r ϭ -0.566, P ϭ 0.0001; Fig. 4B ), and total higher-order (r ϭ -0.434, P ϭ 0.0036; Fig. 4C ) RMS.
The induced changes in contrast sensitivity function and higher-order aberrations were analyzed in relation to the amount of myopic correction. Significant correlation was observed between the amount of myopic correction and the induced changes in AULCSF (Pearson correlation coefficient; r ϭ -0.462, P ϭ 0.0010; Fig. 5A ), low-contrast visual acuity (r ϭ 0.353, P ϭ 0.0154; Fig. 5B ), and letter contrast sensitivity (Spearman rank correlation coefficient; r ϭ -0.641, P Ͻ 0.0001; Fig. 5C ). Significant correlation was observed between the amount of myopic correction and the induced changes in third-order (Pearson correlation coefficient; r ϭ 0.650, P Ͻ 0.0001), fourth-order (r ϭ 0.582, P Ͻ 0.0001), and total higherorder (r ϭ 0.671, P Ͻ 0.0001) RMS.
DISCUSSION
Contrast sensitivity, which is defined as the ability to detect differences in luminance between adjacent areas, is a fundamental feature of vision, and this measurement can provide useful information about visual function that may not be obtained by standard visual acuity testing. 26 -31 Several studies have shown that contrast sensitivity function significantly correlates with some abilities associated with quality of life, such as reading speed, 32,33 mobility, walking speed, 34 driving performance, 35 and computer task accuracy. 36 In addition, contrast sensitivity declines in eyes with various ocular abnormalities 30,37-42 and after refractive surgery. Hence, it is extremely important to assess contrast sensitivity function in eyes undergoing any treatment that can affect ocular shape and optical quality. In orthokeratology practice, patients sometimes report visual disturbances even though visual acuity is excellent according to high-contrast acuity chart testing. In such patients, it is possible that the quality of vision has deteriorated. The impact of orthokeratology on visual performance, however, has not been studied in detail. Therefore, in this prospective study, we investigated changes in contrast sensitivity function as representative of vision quality using three indices in eyes undergoing overnight orthokeratology.
As shown in the results, uncorrected visual acuity significantly improved after orthokeratology, best-corrected visual acuity did not change, and all indices of contrast sensitivity function significantly deteriorated after the procedure, indicating that orthokeratology causes an overall reduction of contrast sensitivity function even in clinically successful cases.
We also found that orthokeratology significantly increased ocular higher-order aberrations and that the induced changes in contrast sensitivity function significantly correlated with changes in ocular higher-order aberrations. As for the relationship between contrast sensitivity and higher-order aberrations, Applegate et al. 23 reported that contrast sensitivity after radial keratotomy decreased in parallel with increases in corneal higher-order aberrations. Mierdel et al. 10 found a highly significant correlation between loss of contrast sensitivity and increase in ocular aberrations after PRK. Marcos 15 demonstrated that contrast sensitivity was significantly reduced after conventional LASIK as corneal aberrations increased. We herein report similar results in eyes undergoing orthokeratology.
Until now, only one study had reported the influence of ocular higher-order aberrations induced by orthokeratology on visual performance. 21 The authors measured low-contrast visual acuity with dilated and undilated pupils and found a significant reduction in dilated low-contrast visual acuity that was significantly associated with the increase in higher-order aberrations after orthokeratology. Although we did not assess contrast sensitivity with dilated pupils, contrast sensitivity function after orthokeratology deteriorated in proportion to the increases in higher-order aberrations, even with undilated pupils. Moreover, the changes in ocular higher-order aberrations and contrast sensitivity function induced by orthokeratology significantly correlated with the amount of myopic correction. These results indicated that orthokeratology increases ocular higher-order aberrations, leading to decreases in contrast sensitivity function, and that these changes depend on the amount of myopic correction. The present study represents the first reported investigation into the relationship among contrast sensitivity, higher-order aberrations, and myopic correction in subjects undergoing overnight orthokeratology. In eyes that underwent conventional LASIK, Yamane et al. 16 demonstrated that the greater the amount of achieved myopia correction, the greater the changes in contrast sensitivity function and ocular higher-order aberrations. The findings of the present orthokeratology study fully corresponds to those of this LASIK study.
In this study, third-order and fourth-order aberrations significantly correlated with the reduction in contrast sensitivity function. The total higher-order aberrations also correlated with contrast sensitivity loss. After PRK 18 and LASIK, 16 decreases in contrast sensitivity function were found to have significant correlation with coma-like and spherical aberrations. Berntsen et al. 21 demonstrate that after orthokeratology, increases in spherical aberration play the major role in the loss of visual performance with dilated pupils but that increases in coma-like aberration do not. Our results, however, indicated that spherical and coma-like aberrations deteriorated contrast sensitivity after orthokeratology. The most likely explanation for this discrepancy is the difference in the contact lenses used in each study. Every lens has a peculiar design, material, and fitting philosophy. Given that increased coma aberration reflects contact lens decentration, 19, 20 it may be that the lens centration was better in their study than in ours. In addition, the amount of myopic refractive error was different between these two studies: -2.38 Ϯ 0.98 D (range, -1.00 to -4.00 D) for our study and -3.11 Ϯ 0.96 D (-1.00 to -5.50 D) for their study. Theoretically, spherical aberration increases as larger myopic correction is attempted; this may be why the influence of spherical aberration became dominant in the Berntsen et al. 21 study. In addition, Berntsen et al. 21 reported that ocular higher-order aberrations significantly increased not only for 5-mm but also for 3-mm pupils and that undilated low-contrast visual acuity also decreased significantly after orthokeratology. 21 They did not, however, find a significant association between increased higher-order aberrations and reduced contrast sensitivity with undilated pupils, whereas we found a significant correlation between these two parameters. Because they did not discuss the reason for decreased low-contrast visual acuity with undilated pupils, we have no clear explanation for the different results in our study and theirs. Further investigation is needed to clarify these points.
Current orthokeratology procedures focus on the reduction of spherical defocus, the most visually significant optical aberration. On the other hand, optical quality of the eye and visual performance can be compromised in patients after orthokeratology, as in other refractive surgeries for the correction of myopia. For better quality of vision and of life, more attention should be paid to optical quality of the eye. In orthokeratology, the increase in spherical aberration is mainly attributed to the nonphysiological oblate cornea after treatment, and the increase in coma aberration reflects contact lens decentration. 19, 20 Therefore, the larger the myopic correction, the greater the induction of spherical and coma aberrations. Large myopic correction should be avoided in orthokeratology so as not to induce large aberrations or contrast sensitivity loss, and fitting and centration of the treatment lens should be strictly performed. It may be that ocular higher-order aberrations are good predictors of visual performance in orthokeratology practice.
Our study had some limitations. First, we evaluated contrast sensitivity function at only one time point (3 months). Several reports indicate that contrast sensitivity function fluctuates over time after PRK 46 and LASIK. 43, 44, 46 Although we do not have data at present, it would be interesting to know how contrast sensitivity function changes after orthokeratology. Second, we did not investigate the influence of pupil size on contrast sensitivity function. It is known that contrast sensitivity function is influenced by pupil size. [47] [48] [49] Further studies are needed to elucidate the relationship between pupil size and contrast sensitivity function after orthokeratology. Third, we evaluated contrast sensitivity function only under photopic conditions. It is possible that mesopic visual performance and glare visual function are more compromised in patients after orthokeratology, as they are after refractive surgery. 50 -55 This will be the theme of future studies.
In conclusion, overnight orthokeratology for myopia significantly increases ocular higher-order aberrations, which deteriorate contrast sensitivity function, even after clinically successful orthokeratology. These changes depend on the magnitude of myopic correction. Reduced contrast sensitivity function significantly correlated with increased coma-like and spherical aberrations.
